organization. Fractals are geometries exhibiting self-similarity; the observed structures share characteristics across spatial levels (24) . To characterize the multiscale behavior of portal vessels, we applied a 3D box-counting algorithm. This method consists of overlaying the object with a series of 3D grids of exponentially decreasing block sizes (R) and counting the number of boxes intersecting the object (N). By analyzing the slope of N plotted against R −1 on a bilogarithmic scale, the dimensionality of the object was determined. Box-counting analysis revealed that portal vessels were selfsimilar over three decades of scale. Furthermore, the dimensionality was relatively constant as portal vessels branched over E12 to E14.5 (2.15 to 2.35) (Fig. 3G ). These findings suggest that the expansion of HSCs and Nestin + cells during fetal development is governed by fractal-like geometries of the portal vessel niche.
After birth, ligation of the umbilical inlet leads to dramatic hemodynamic changes in portal vessel flow (fig. S8, A to E). Whereas at postnatal day 0 (P0), portal vessels expressed the arterial markers Neuropilin-1 and Ephrin-B2 and were accompanied by Nestin + cells ( Fig. 4A and fig. S8F ), their expression levels were markedly reduced in P8 portal vessels, which were, by then, devoid of Nestin + cells ( Fig. 4B and fig. S8G ), in part due to Nestin + cell apoptosis as detected by terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling staining (fig. S8, H and I). At this time, portal vessels expressed EphB4 (Fig. 4 , C and D), suggesting that they transited into a vein phenotype.
These notable changes were associated with a marked reduction in liver HSC content at P8 (Fig.  4E ). Perinatal HSCs were also rapidly established in the neonatal spleen ( fig. S8J ) and might also contribute to sustaining blood production until the BM becomes fully functional (25, 26) . Using wholemount imaging, we found that, in contrast to the fetal liver, few HSCs (<3%) were located within 20 mm of postnatal portal vessels (P0 to P5) (Fig. 4 , F and G), and mean HSC distances to portal vessels increased significantly (Fig. 4H) . These results thus further underscore the critical role for the arterial portal vessels in forming a FL niche.
Our data support the concept that HSCs are titrated against a branching portal vessel network. Fractal geometries of vessel branching optimize the delivery of blood (27) , with each division serving a smaller compartment within the organ. The availability of niche cells to sustain proliferating HSCs may thus be tied to the innate growth of the portal vascular tree. Our results also provide a biological explanation for the rapid loss of HSCs in the postnatal liver, where dramatic postnatal changes in portal vessels lead to a loss of niche cells and the migration of HSCs away from the portal niche. As HSCs emerge from the largest artery (aorta), expand around arterial portal vessels of the fetal liver, and are later maintained quiescent in the adult marrow near small arterioles (10, 11) , the arterial vasculature may provide an adaptive niche, serving hematopoiesis at multiple stages of mammalian life. funded by NIH grants R01 DK056638, R01 HL116340, R01 HL069438, and NYSTEM grants (C029154 and C029570 virulence factors that mediate infection. OMPs are only found in the OMs of Gram-negative bacteria, mitochondria, and chloroplasts (1, 2).
The exact mechanism explaining how OMPs are folded and inserted into the OM remains unknown; however, studies have identified a general pathway and conserved machinery that is responsible for the biogenesis of OMPs (3) (4) (5) . A majority of these advances have been made by working with Gram-negative bacteria (3, 6, 7) . Here, the nascent OMPs are first synthesized in the cytoplasm with an N-terminal leader sequence that directs them to the Sec translocon for transport across the IM, into the periplasm (Fig. 1A) . Chaperones, such as SurA and Skp, then further escort the nascent OMPs to a multicomponent complex called the b-barrel assembly machinery (BAM) complex, which is responsible SCIENCE sciencemag.org for folding and inserting OMPs into the OM (4, 8) . In Escherichia coli, the BAM complex consists of five components, BamA, B, C, D, and E. BamA, a 16-stranded OMP, is the central component of the complex and is conserved both in mitochondria and chloroplasts, whereas BamB to BamE are all lipoproteins. BamA and BamD are essential for viability; however, all components are required for efficient OMP folding and insertion (9) (10) (11) . BamB and BamD interact directly with BamA via nonoverlapping binding sites, whereas BamC and BamE interact directly with BamD to stabilize the complex (9, 12) .
Structures of all the Bam components have now been reported, including partial complexes of BamAB and BamCD (7, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . The full-length structure of BamA from Neisseria gonorrhoeae revealed a large periplasmic domain consisting of five polypeptide transport-associated (POTRA) domains and a C-terminal 16-stranded b-barrel domain. Subsequent studies showed that the barrel domain of BamA opens laterally in the membrane, possibly to allow insertion of the substrate OMPs into the OM (16, 18, 24) . BamB may serve as a scaffold to assist in the handoff of nascent OMPs from SurA to BamA, whereas BamC, BamD, and BamE may serve to regulate the function of BamA (14, 17, 25) . The structures have offered clues to how each component may function within the complex; however, the lack of structural information regarding the fully assembled complex has hindered progress toward exploring the mechanism further. We used x-ray crystallography to solve the structure of the BamACDE subcomplex to 3.4 Å resolution and used the previously reported partial structure of BamAB to form a model of the fully assembled BAM complex from E. coli. The periplasmic domain of BamA was found in a closed state, which prevented access to the barrel lumen from the periplasm. Binding of BamCDE to BamA causes conformational twisting of strands b1 to b8 and leads to opening of the exit pore and structural rearrangement of the lateral opening site. These structural changes suggest that the role of BamCDE may be to modulate the conformational states of BamA, which regulate the BAM complex.
The BAM complex from E. coli was expressed from a single plasmid and purified as previously described with some modifications (supplementary methods) (11) . SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis verified the presence of the full complex, which produced a monodisperse peak as seen with size-exclusion chromatography ( fig. S1 ). We crystallized the complex in C 8 E 4 and collected data at the SER-CAT ID22 beamline at the Advanced Photon Source. The crystal structure of the complex was then solved by molecular replacement ( fig. S2  and table S1 ). On the basis of crystal-packing analysis, it was clear that BamB was absent rather than being disordered. This was possibly due to proteolytic degradation during incubation. This was verified by SDS-PAGE analysis of crystals and of the original protein sample, both of which lacked BamB after extended incubation or storage ( fig. S1 ). The crystal structure contains full-length BamA, BamD, and BamE but only the N-terminal flexible domain and the first globular helix-grip domain of BamC, with the second helixgrip domain presumably being disordered. To model the fully assembled BAM complex, we used the previously reported structure of the partial BamAB complex [Protein DataBank (PDB) ID 4PK1] (14) to dock BamB into our crystal structure by aligning along POTRA3 of BamA (Fig. 1 , B and C; movie S1; and model S1). For all accessory lipoproteins, the N-terminal residues are positioned in close proximity to where the OM would sit; however, no lipid anchors were observable in our crystal structure.
BamCD in our structure aligned well with the previously reported complex (PDB ID 3TGO), which has a root mean square deviation (RMSD) of 1.25 Å across both chains (Fig. 2, A and B) . BamE interacts with the opposite side of BamD [buried surface area (BSA)~800 Å 2 ] along the Cterminal end ( Fig. 2A and tables S2 and S3) . Although BamC and BamE interact with BamD via nonoverlapping binding sites, they make minimal contact with one another (BSA~140 Å 2 ). Residues 215 to 344 of BamC, consisting of a linker and the second helix-grip domain, were disordered in our crystal structure. Previous studies have shown that the two helix-grip domains of BamC are found on the outside of the cell (26), which suggests that one or both may interact with the surface-exposed loops of BamA. No interaction was observed in our structure, which indicates that if the two helix-grip domains do indeed interact with BamA, a membrane bilayer and/or substrate may be required to release BamC from BamD so it can be presented on the surface.
The structure of BamD consists of five tetratricopeptide-repeat (TPR) motifs (15, 21, 27) and sits parallel to the membrane, with TPR4 and 5 forming the binding site for BamE, which is oriented perpendicular to the membrane ( Fig. 2A) . The binding interface agrees well with previously published work, where BamD was found to bind BamE along the interface containing residues R29, I32, F68, N71, T72, R78, and T92 (23, 28) . The extensive binding interface has numerous hydrogen bonds using both side-chain and backbone atoms, as well as a salt bridge between D66 of BamE and K233 of BamD (Fig. 2,  C and D) . The binding is further strengthened by interactions of M64 and F68 of BamE with hydrophobic pockets in BamD. The interaction between BamC and BamE is mediated primarily by hydrophobic interactions; the loop of BamC helps to form the large hydrophobic pocket where F68 of BamE binds BamD (table S4) .
In agreement with previous studies (29) , BamD binds BamA along POTRA5 almost exclusively through TPR3 and 4 (BSA~1100 Å 2 ) (Fig. 3, A and B, and table S5). The extensive binding interface between BamD and POTRA5 of BamA is mediated by hydrogen bonds that use side-chain and backbone atoms and three salt bridges between residues H139, R197, and R188 of BamD and residues D358, E373, and D481 of BamA, respectively (Fig. 3, B and C) . The salt bridge formed by R197 of BamD and E373 of BamA is central to this interaction and agrees with previous studies that implicate these residues in binding (30, 31 (Fig. 3, B and D) , which suggests that BamD may also participate in modulating the conformation of the POTRA domains of BamA during OMP biogenesis.
BamA interacts with BamD, and this is enhanced by the presence of BamE. However, no studies have shown that BamA also interacts with BamE (9, 12). In our crystal structure though, we observe not only the interaction of BamE with BamD but also an extensive interaction of BamE with POTRA5 of BamA (BSA~750 Å 2 ) (Fig. 3, B and E, and table S6). This binding interface is composed of numerous hydrogen bonds between side-chain and backbone atoms, as well as hydrophobic interactions primarily from W376 of BamA (BSA~130 Å   2 ). Residue Y28 of BamE interacts with periplasmic loop 3 of BamA, forming hydrogen bonds with P518 and E521, which anchor the N terminus of BamE in close proximity to the barrel domain of BamA. This may serve to orient BamCDE optimally for interacting with BamA (Fig. 3, A and F) . The observation that BamE bridges BamD and BamA agrees well with previous work indicating that BamE stabilizes the interaction of BamD with BamA (12) . Previous studies identified BamE residues involved in BamD binding (23); however, not all of these residues mapped to that interface in our structure. Instead, residues Y37, L38, T61, and L63 lie along the interface with POTRA5 of BamA, which suggests that binding of BamD may lead to conformational changes in BamE that promote association with BamA. Also, the BamE residues identified to interact with phosphatidylglycerol (PG) (G60, T70, N71, V76, and F95) are located within the periplasm as far as 35 Å from the OM (23) . Therefore, it is unlikely that the PG-binding role of BamE contributes directly to the role of the BAM complex; however, it is still possible that the recruitment of PG in proximity to the BAM complex increases the efficiency of OMP biogenesis.
No structure of full-length BamA from E. coli has been reported previously, although a structure containing the b-barrel domain and POTRA5 is available (16) . In this structure, POTRA5 was oriented away from the barrel domain in an open conformation allowing access to the barrel lumen from the periplasm (fig. S4) . However, in our structure, POTRA5 is in a closed conformation relative to the b-barrel domain, fully occluding access to the barrel lumen from the periplasm. Compared with the BamA structure from N. gonorrhoeae (18), the POTRA domains rotate~90°along the plane of the membrane upon interaction with BamCDE. POTRA5 makes numerous contacts with periplasmic loops 1, 2, 3, 4, and 6, with the most extensive interactions through periplasmic loops 1, 2, and 4 ( fig. S5 ). This conformation constitutes a~45°hingelike conformational change of POTRA5 to the closed state (Fig. 4A) . POTRA5 interacts most extensively with periplasmic loop 4 ( fig. S5 and movie S2) , which is stabilized by a salt bridge between E396 (POTRA5) and R583 (periplasmic loop 4) and pi stacking between R421 (POTRA5) and Y585 (periplasmic loop 4). Conformational flexibility of the POTRA domains has been well documented (29, 32, 33) . Therefore, it remains to be determined whether the association of BamCDE is solely responsible for the closed conformation.
Binding of BamCDE leads to a conformational twist of the b-barrel domain of BamA, with the most dramatic change emanating from strand b1 (~45°) and gradually diminishing until strand b9. This conformation is due to the strong interaction of POTRA5 with BamCDE and with periplasmic loop 4, which imposes mechanical strain on the first half of the barrel (Fig. 4, B, D , and E, and movie S2). This leads to a change in the angle of the first eight strands in the membrane, such that strands b1 and b16 no longer associate as a b-sheet, leading to opening of the exit pore along extracellular loops 1, 2, and 3. This agrees with recent studies that have shown that disulfide cross-linking the exit pore in a closed state renders the BAM complex nonfunctional (24) . Aligning BamA from our complex structure with the previously reported E. coli BamA structure containing POTRA5 only (PDB ID 4C4V) yielded an RMSD of 1.07 Å for the entire b-barrel domain. However, the RMSD for strands b1 to b8 alone was 2.74 Å, whereas the RMSD for strands b9 to b16 was 0.67 Å, which highlighted the shift observed in our structure.
Although the conformational change of the barrel of BamA led to opening of extracellular loops 1, 2, and 3 along the exit pore, the remaining loops 4, 5, 6, 7, and 8 remained largely unchanged. The exception is that loop 4 undergoes a slight shift to stabilize loop 6 (Fig. 4, C and D) . The rest of loop 6 was unchanged, including the conserved VRGF motif ( fig. S6 ). Another consequence of the conformational twist is structural rearrangement at the lateral gate, such that strand b1 no longer interacts with strand b16 (last strand) to close the barrel, in contrast to what has been observed in all other OMPs with known structure (Fig. 4, F and G) . Rather, most of strand b16 sits tucked inside the barrel lumen, whereas periplasmic loop 7 and strand b15 contact strand b1 at an offset angle of~45° (Fig. 4, D to G). This agrees with studies that rendered the BAM complex nonfunctional by disulfide crosslinking the lateral gate closed (24) .
Based on our crystal structure of BamACDE and the existing crystal structure of BamAB (14), we report the structure of the fully assembled BAM complex from E. coli (movies S1 and S2 and model S1). As further validation, our structure is in agreement with a model for the BAM complex that we recently reported that was based on all structural, functional, genetics, and biochemical studies to date (34) . Our structure reveals that upon binding BamCDE, the barrel domain of BamA undergoes a conformational twist that dramatically changes the angle of the strands (shear) in the membrane, which leads to opening of the exit pore and rearrangement at the lateral gate. This suggests that binding of BamCDE modulates the conformation of BamA, which may serve to regulate the BAM complex. This may also serve to "tune" the b-barrel domain of BamA to fold OMPs with differing shear numbers by adjusting the angle of the strands in the membrane to match that of the substrate OMPs or to further destabilize the local membrane, which would reduce the kinetic barrier for OMP insertion (35) . Further, the lumen of the barrel of BamA is fully occluded from the periplasm. Therefore, OMPs are likely inserted into the membrane at the lateral gate rather than first SCIENCE sciencemag.org (E) View of the strand shift along strands b1 to b8 rotated~90°relative to (D), illustrating a twist of the strands rather than just a simple rotation. (F) View of the lateral gate in BamA, where strand b1 and b16 no longer form a b-sheet interaction to close the barrel; rather, strands b15 and b16 are situated at~45°angle relative to strand b1. (G) View showing residues along the lateral gate, with b16 sitting tucked inside the barrel and periplasmic loop 7 interacting with strand b1.
being threaded through the barrel domain. The lateral gate is positioned central to the BAM complex and would be directly accessible for substrate handoff by the accessory lipoproteins or by the POTRA domains of BamA.
